Recent work has demonstrated that apo E secretion and accumulation increase in the regenerating peripheral nerve. The fact that apoE, in conjunction with apoA-I and LDL receptors, participates in a well-established lipid transfer system raised the possibility that apoE is also involved in lipid transport in the injured nerve. In the present study of the crushed rat sciatic nerve, a combination of techniques was used to trace the cellular associations of apoE, apoA-I, and the LDL receptor during nerve repair and to determine the distribution of lipid at each stage. After a crush injury, as axons died and Schwann cells reabsorbed myelin, resident and monocyte-derived macrophages produced large quantities of apoE distal to the injury site. As axons regenerated in the first week, their tips contained a high concentration of LDL receptors. After axon regeneration, apoE and apoA-I began to accumulate distal to the injury site and macrophages became increasingly cholesterol-loaded. As remyelination began in the second and third weeks after injury, Schwann cells exhausted their cholesterol stores, then displayed increased LDL receptors. Depletion of macrophage cholesterol stores followed over the next several weeks. During this stage of regeneration, apoE and apoA-I were present in the extracellular matrix as components of cholesterol-rich lipoproteins. Our results demonstrate that the regenerating peripheral nerve possesses the components of a cholesterol transfer mechanism, and the sequence of events suggests that this mechanism supplies the cholesterol required for rapid membrane biogenesis during axon regeneration and remyelination.
Introduction
After a denervating crush injury to the sciatic nerve, several proteins are induced in the distal, but not the proximal, seg-ment of the injured nerve (1) . One protein in particular, with 37,000 mol wt and an acidic isoelectric point, displays a several hundredfold increase in synthesis and secretion (2) . The protein has recently been identified as a sialylated form of the plasma protein apoE (3, 4) . The identification was based on a partial amino acid sequence of the protein, on its amino acid composition, and on its immunologic homology to authentic plasma-derived apoE.
In regenerating peripheral nerves, such as the sciatic nerve of the rat and rabbit, not only is the production of apoE dramatically increased, but the apoE also accumulates (2, 5) . The production and accumulation of apoE decline after regeneration is complete (2, 5) . Apolipoprotein E production also increases after injury to nonregenerating central nervous system fiber tracts, such as the rat optic nerve and spinal cord. In the central nervous system, however, apoE does not accumulate and the secretion of apoE remains high (2) . Similarly, the production of apoE remains high in the distal segment of peripheral nerves in which regeneration has been prevented by cutting the nerve and tying off its proximal stump (1) . Increased production of apoE has also been observed in the maturing sciatic nerve of the newborn rat (1, 5) . These observations suggest that apoE is secreted by cells of the nerve and plays a central role in axon regeneration, de novo axon growth, and nerve maturation (1) (2) (3) (4) (5) .
Apolipoprotein E has been intensively studied in nonnervous tissue as one of several apolipoproteins that direct lipid metabolism through their ability to promote the formation of lipoprotein particles and to interact with specific cellular receptors (for review, see references 6 and 7). Because it facilitates cholesterol movement both into and out of cells, apoE has been the focus of particular attention. Apolipoprotein Econtaining lipoproteins and LDL, which contain apoB, bind to the same cell-surface receptor, the LDL receptor. This receptor is displayed by cells requiring cholesterol and mediates the internalization and degradation of these lipoproteins (7) . High density lipoproteins (HDL), lipoproteins-rich in apoA-I, can extract cholesterol from cells loaded with excess cholesterol (8, 9) . Apolipoprotein E increases the efficiency of cholesterol removal by binding to the HDL particles, greatly augmenting their capacity to accumulate cholesteryl esters (10, 11) . Because HDL particles acquire both cholesterol and apoE, the apoE on their surfaces allows them to be recognized by the LDL receptor displayed by extrahepatic cells requiring cholesterol and by parenchymal cells of the liver.
After a denervating crush injury, large amounts oflipid are released from degenerating axon membrane and myelin. Much of the cholesterol from these membranes is stored by cells in the nerve and reused during regeneration (12) (13) (14) . During nerve degeneration and regeneration, apolipoproteins, such as apoE and apoA-I, and the LDL receptor could play a role in the requisite cholesterol transfers. The results of the current study suggest that they do.
Methods
Sprague-Dawley rats (250-450 g) of both sexes were used. Fine forceps were used to crush sciatic nerves where they emerged from the sciatic notch, as described in studies ofapoE production in injured nerve (1, 2, 5) . Regions ofthe injured sciatic nerve 5-15 mm distal to the crush site were studied at 1, 2, 3, 4, 5, 7, 8, 10, 14, 21, 28, 42 (6 wk) , 56 (8 wk) , and 105 d (15 wk) after the trauma. An equivalent region of normal nerve was studied. Sections of normal and injured nerve were cut and incubated in the appropriate rabbit hyperimmune serum to detect the following antigens: apoE, the LDL receptor, apoA-I (the major protein of HDL), IgG (a plasma protein marker), and lysozyme (a granulocyte and macrophage marker). Monoclonal antibodies to rat macrophages and monocytes, as well as to neurofilaments, were also used. Preimmune sera were used as controls for apoE, apoA-I, and LDL receptor antisera. Sections incubated with the preimmune sera were negative. Under the conditions used in this study, the tissues showed no endogenous peroxidase reaction or binding of secondary antibodies. Electron microscopy and morphometry were used to correlate the results of the immunocytochemical study with events in the regenerating nerve segment.
Light-microscopic immunocytochemistry. Our initial work with apoE showed that there was a loss of antigenicity when the tissues were dehydrated. Therefore, cryostat sections of fixed and cryoprotected tissue were used. The same procedure was used for all antigens so that they could be detected on serial sections of the same tissue. Perfusion fixation of nerve tissue with formaldehyde and processing of cryostat sections for light-microscopic immunocytochemistry were performed essentially as described (15) . Cryostat sections were cut and dried onto gelatin-coated slides. Nonspecific binding was blocked by incubation for 30 min in half-strength PBS containing 0.1% dry nonfat milk, 2% serum (from the same species as the second antibody), 0.15 M ammonium acetate, and 0.1% Triton X-100. The sections were incubated overnight in various dilutions of immune sera (1:5,000 to 1:80,000) or affinity-purified antibody in PBS containing 0.1% nonfat milk, 2% serum, 15 mM ammonium acetate, and 0. 15% Triton X-100. Sections were washed in the same buffer, and the primary antibody was detected using a biotinylated second antibody followed by an avidin-biotin peroxidase complex (Vector Laboratories, Inc., Burlingame, CA) in the same buffer but without serum. A black peroxidase reaction product was produced by incubating the slides for 2 min in a buffer of0.1 M monobasic sodium phosphate and ammonia, pH 6.8, that contained 0.06% nickel chloride, 0.2 mg/ml of 3,3'-diaminobenzidine, and 0.03% H202. No endogenous peroxidase reaction was detected on slides of this tissue processed in this manner. Methyl green (2% in water) was used to stain cell nuclei.
Relative concentrations of individual antigens were determined at various time points or within various regions of the tissue by serially diluting the primary antibody and comparing the resulting intensities of the peroxidase reaction product. Since peroxidase reaction product intensity depends on the concentration of the antigen/antibody complex, a decrease in either the antigen concentration in the tissue or the antibody concentration in the first incubation step results in less product. Comparisons of the intensity of peroxidase reaction in different nerves and tissues assume equal access of the antibody to the antigen and equal sensitivity of the antigen to fixation.
For simultaneous labeling of two antigens, fluorescence microscopy was used. Rabbit antisera and ascites fluids were used as described (16) . Rabbit anti-rat apoE was used at 1:1,000 to 1:4,000, mouse anti-macrophage ascites (MCA 341 and MCA 342 mixed, Serotec Ltd., Oxford, England) at 1:8,000, and mouse anti-160-kD neurofilament ascites (Amersham/Searle, Arlington Heights, IL) at 1:8,000.
Electron-microscopic immunocytochemistry. To detect apolipoproteins by electron microscopy, a preembedding technique similar to ones previously described (15) was used. Thick frozen sections of the same tissue as used for light-microscopic work were incubated for 36 h in a 1:750 dilution of the rat apoE-specific or apoA-I-specific rabbit serum without detergent. After a 6-h wash, the sections were transferred to a 1:150 dilution of peroxidase-coupled F(ab32 (Zymed Laboratories, San Francisco, CA) specific for rabbit IgG. After a 6-h incubation and 3-h wash, the sections were fixed by adding 10% glutaraldehyde to the wash solution to make a final concentration of 1%. After washing, they were allowed to react for 15 min in a 2 mg/ml solution of 3,3'-diaminobenzidine in a buffer of 0.1 M monobasic sodium phosphate and ammonia, pH 7-7.5. After a rinse, the sections were fixed for 2 h in 2% osmium tetroxide and 2% potassium ferricyanide in buffer, rinsed in water, dehydrated with acetone, and embedded. No stain was used on the sections.
Electron microscopy. Tissue from perfusion-fixed animals was examined by thin-section electron microscopy. The tissue was fixed for from 1 (20) . Single sections ofa nerve from two animals for each time point were mounted on 300-mesh grids, and micrographs were taken at 4,000 magnification from the upper left-hand corner of each grid square. The resulting 40- Antisera. Two commercial sera were used: rabbit anti-human lysozyme (Dako Corp., Santa Barbara, CA) and rabbit anti-rat IgG (Zymed). Rat apoE and rat apoA-I were isolated as described (21, 22) , with a final purification step using isoelectric focusing on a preparative Immobiline gel (23) . Bovine LDL receptors were purified from bovine adrenal membranes by immunoaffinity chromatography on an IgG-C7-Sepharose column as described (24) . The bound fraction was eluted by ammonium hydroxide (24) and used without further purification.
The antibodies were raised in specific pathogen-free New Zealand White rabbits (2.5-3 kg), which had been screened for nonspecific binding of their serum to the tissues before immunization. To analyze antibody specificity, we used Western blots (25) of rat plasma (the source of apoE and apoA-I), bovine adrenal membranes (the source of LDL receptors), or rat liver membranes from normal or estradioltreated animals. Rat serum was reduced, but the bovine adrenal mem-branes (24) , normal rat liver membranes (26, 27) , and liver membranes from 1 7a-ethinylestradiol-treated animals (26, 27) were used without reduction to prevent loss of LDL receptor antigenicity. The samples were electrophoresed on SDS-polyacrylamide slab gels (28) and transferred onto nitrocellulose paper, and proteins were identified immunologically as described (25) or by using the same peroxidase procedure as for tissue sections.
Both anti-rat apoE and anti-rat apoA-I hyperimmune sera were specific for their respective antigens when tested for reaction with the proteins of rat plasma (Fig. 1, A and B) . The LDL receptor-specific antiserum cross-reacted with rat IgG and a rat serum protein (probably as a result of contaminant mouse proteins eluted from the IgG-C7-Sepharose affinity column). These cross-reacting antibodies were removed by absorption for 2 d with a 10-fold excess of whole rat serum and 1 mg of mouse IgG/ml. The absorbed anti-bovine LDL receptor hyperimmune serum identified a band at 130 kD (the molecular weight of the receptor [24, 29] ) when tested for reaction with the proteins of bovine adrenal membranes (Fig. 1 C) . The serum also identified a protein of similar molecular weight in normal rat liver membranes; this protein was increased in the membranes of 1 7a-ethinylestradiol-treated rats. The LDL receptor is known to be increased in the latter membranes (26, 27) . A second band, oftwice the molecular weight of the receptor, appears to be a dimer of the receptor, as shown by ligand blotting (29) . Canine apoE-rich HDLC (lipoproteins Anti-Apo-E Anti-Apo-A-I Anti-LDL Re isolated from the plasma of cholesterol-fed animals [30] ) labeled with 125I (and incubated at I ug/ml of protein for 1 h with nitrocellulose blots of gels of these membranes) bound to both bands ( Fig. 1 D) . A small quantity of affinity-purified LDL receptor antibody was produced by immunoabsorption to receptor electroeluted (31) from nonreduced SDS-polyacrylamide gels. 20 ,g of the receptor was absorbed onto 10 cm2 of nitrocellulose paper; residual protein binding was then blocked in milk, and the paper was used to absorb specific antibodies from 200 ,d of whole serum overnight. After washing, the bound antibodies were eluted with 100 mM Na citrate (pH 2.8), dialyzed, mixed 1:1 with glycerol, and frozen. At a dilution equivalent to 1:150 of the original serum, the eluted antibodies were equivalent in reactivity to whole serum used at 1:2,000. These antibodies were used only to confirm the specificity of the sera in the immunocytochemical study oftissue sections. No differences were noted in receptor localization using either the absorbed serum or the affinity-purified antibodies.
Isolation oflipoproteins. The sciatic nerves from normal rats and rats injured 4 wk earlier were harvested after all the blood had been removed by perfusion to ensure the absence ofblood lipoproteins. The nerves were immediately chopped into a buffer containing protease inhibitors but no antioxidants (32) . Lipoproteins were extracted from 10-20 nerves incubated in 15-30 ml Inc., Palo Alto, CA) for 40 h at 40,000 rpm. The floating fraction was collected and applied to a heparin-Sepharose column (33) , and the isolated lipoproteins were analyzed chemically for protein, phospholipid, and cholesterol (33) .
Results
Normal sciatic nerve. In the normal, uninjured nerve, a weak reaction for apoE was detected in granular compartments of numerous small cells between nerve fibers (Fig. 2 A) . The cells reactive for apoE (Fig. 2 B) were resident macrophages ( Fig. 2  C) , as identified by macrophage-specific cell-surface markers. Endothelial cells of small venules were also occasionally reactive for apoE. Immunoglobulin G and apoA-I were not detectable in the interstitial matrix or in cells (not shown).
Degenerating sciatic nerve. Segments of rat sciatic nerves 5-15 mm distal to a crush injury were evaluated at various times. Infiltrating inflammatory cells were first seen at 2 d after denervation and were prominent at 3 d. At this time, two plasma proteins, apoA-I and IgG (not shown), were detectable within the interstices ofthe nerve by immunochemistry. Their presence was expected, in that the injured peripheral nerve has an increased permeability to plasma proteins (34, 35) . The numerous inflammatory cells were identifiable by their nuclear and cytoplasmic morphology as granulocytes, monocytes, and lymphocytes. None of these were reactive for apoE (Fig. 3 A) . The resident macrophages (identified by their secretion of apoE) now exhibited a much higher level of reactivity for apoE (Fig. 3 B) than they had in the uninjured nerve. Their foamy appearance suggested that they had also begun to accumulate lipid.
Three days after injury, electron-microscopic examination showed that both the axons and their myelin were degenerating. Numerous lipid droplets had already accumulated within Schwann cells and resident macrophages (Fig. 4 A) ; based on previous biochemical studies, these droplets probably are cholesteryl esters (36) (37) (38) (39) .
Unusual cytoplasmic membranes were also found in many Schwann cells on the third day (Fig. 4) . Numerous small disks (30-60 nm in diameter and 6-7 nm thick) as well as spheres (30- Electron microscopy also identified numerous macrophages in the nerve at 5-10 d (Fig. 5 A) . At interstitial macrophages still contained a few of the storage granules specific to monocytes. These macrophages contained numerous lipid droplets and a large Golgi apparatus adjacent to the nucleus, but only occasionally were endocytic or lysosomal compartments observed, near the cell periphery. The Schwann cells also contained numerous cytoplasmic lipid droplets and large lysosomal compartments filled with myelin debris.
By 5-7 d after denervation, apoE-reactive cells were prominent between Schwann cell bundles (Fig. 5 B) . The presence of lysozyme (not shown) within the cell and the binding of macrophage-specific monoclonal antibodies (Fig. 5 C) by these cells identified them as macrophages. The apoE in these macrophages was detected as a large intense spot adjacent to the nucleus, as smaller granular spots, and as general cytoplasmic ulum. Apolipoprotein A-I (Fig. 6 B) and IgG (not shown), which were present in the interstitial matrix, were also found in granular compartments of these macrophages, suggesting that macrophages had internalized lipoproteins and proteins from the matrix.
Immunocytochemistry at the electron-microscopic level confirmed the subcellular localization of apoE. Using a peroxidase-based pre-embedding technique for antigen detection, we found apoE in morphologically identifiable macrophages 7-10 d after injury (the high point of apoE secretion [1] ). In sections incubated with anti-apoE, peroxidase reaction product was seen in the nuclear envelope, the endoplasmic reticulum, and the Golgi apparatus with its associated vesicles, as well as occasionally in what appeared to be lysosomal or endosomal compartments of macrophages (Fig. 6 C) . Neurolemmal fibroblasts and Schwann cells were never observed to contain apoE. With the occasional exception of endothelial cells in small venules, no other cells were reactive for apoE. Some apoE was detected between the processes of interlocking Schwann cells and in the extracellular matrix. This is consistent with results from previous biochemical studies (1, 2, 5) and our own light-level immunocytochemical studies, which suggest that apoE begins to accumulate during the second week after injury.
There was no immunochemical evidence, at either the light-or electron-microscopic level, ofapoA-I secretion by any cells in the nerve. This is consistent with earlier biochemical studies, which found no evidence for the production of a protein of the appropriate molecular weight by the denervated sciatic nerve (1, 2) . Therefore, in injured nerves, apoA-I, like IgG and albumin (34, 35) , appears to originate from the plasma.
Remyelinating sciatic nerve. By 14 d, remyelination of the larger axons was well under way ( Fig. 7) : many axons were surrounded by one or more layers of myelin.
The distribution of apoE and apoA-I changed dramatically between 7 and 14 d. The bands of Schwann cells (or nerve fibers) now showed an intense surface reaction for both apoE and apoA-I (Fig. 8) . Their accumulation in the nerve was not due to a general accumulation ofplasma proteins, as shown by the fact that the level of IgG remained constant (not shown) following its initial rise soon after the crush injury.
Immunocytochemistry showed that the distribution ofapoE and apoA-I remained essentially unchanged from 14 to 21 d, except for increased apoE in the matrix and the loss of the intense reaction for apoE near the nucleus in a few macrophages. By 28 d, reaction for apoE had either disappeared from the Golgi region or was substantially diminished in every macrophage (Fig. 9) . Thus, it appeared that apoE production by macrophages was greatly reduced by 28 d. This is in keeping with earlier biochemical work, which found that apoE accumulates in the nerve after apoE production has dropped (1, 2, 5).
Electron microscopy 21 and 28 d after injury showed that the percent ofSchwann cells with myelin sheaths had risen and that these sheaths were wider (Fig. 10 A) . With rare exceptions, Schwann cells that had produced myelin no longer contained lipid droplets. The cholesterol stores of these myelinating cells presumably had been used to synthesize the myelin that now enveloped the axons. This is in agreement with biochemical measurements that show that cholesteryl esters in the injured nerve decline after the second and third weeks (39) . The cho-~~~~~~~~~~~~~~~~~. (Fig. 10, A and B From 28 d onward, as remyelination proceeded toward completion, less and less apoE and apoA-I were detected. By 56 d (8 wk), the morphologic appearance of the nerve had nearly returned to normal. However, the interstitial macrophages were still more numerous than in the normal nerve, and many still had a foamy appearance. The levels of apoE, apoA-I, and IgG also were still above normal. By 105 d (15 wk) the nerve appeared to be essentially normal, except for a few more macrophages than before the lesion. Apolipoprotein E was occasionally present adjacent to the nucleus in the Golgi region of these cells, suggesting that macrophages continue to secrete slightly increased amounts of apoE for some time.
Morphometric analysis oflipid distribution. The Chemical analysis of the heparin-bound lipoprotein particles from two isolations showed that their average mass was 29% protein, 33% phospholipid, and 38% cholesterol. Most (77%) of the cholesterol was nonesterified. The low content of cholesteryl ester, which forms the core of spherical plasma lipoproteins, is in keeping with the discoidal nature of many of these particles. The proteins of the bound and unbound fractions were further analyzed by SDS-PAGE (Fig. 12) . ApoE was the major component of the bound fraction, but apoA-I was also found largely in the bound fraction. Because apoA-I does not bind to heparin, it must be on the same particles as apoE. A smaller fraction ofapoA-I was found in the unbound fraction and may be part of the few lipoproteins found in this fraction. The majority ofthe protein in the unbound fraction apparently was albumin (66 kD).
Expression oflow density lipoprotein receptors. In the normal nerve, a low level of reaction for LDL receptors was consistently seen along the surfaces of Schwann cells and macrophages (data not shown). Sporadic, low reactivity was seen in axons as well. However, as axons began to regenerate through the distal segment within the first week after injury, intense reactivity for LDL receptors was identified in fibers seen at the surface ofSchwann cell cords (Fig. 13, A and B) . Many ofthese fibers were reactive for distances up to 500 Aim. As axon regeneration was completed through the segment immediately distal to the site of injury, reactivity was detectable only more distally. In any short distal section of nerve during a given day after injury, only a few reactive fibers were found, perhaps because of the differing growth rates of axons.
Antibodies to neurofilaments were used to establish that the LDL receptor-positive fibers were in fact the growing tips of regenerating axons. Many fibers (approximately one-third) were reactive for both LDL receptors (Fig. 13 C) and neurofilaments (Fig. 13 D) , whereas others were positive for only one of these antigens. This result is not surprising: neurofilaments are most prominent in the older portion of the growing axon, whereas reaction for LDL receptors appeared to be confined largely to the advancing tips. Expression of LDL receptors at the front of growing axons accords with the uptake of apoEcontaining lipoproteins by the growth cones of rat PC 12 cells in culture (45) .
The reaction for LDL receptors along growing axons was exceptionally intense. Successive dilutions of antibody to the LDL receptor were used to determine the relative concentra- tions of receptor in neurons and several other tissues. The reaction at the growing tips ofaxons was greater than that seen either in steroidogenic tissues (adrenal, testis, and ovary) or the liver, but was comparable to that seen in the liver and adrenals of animals treated with 17a-ethinylestradiol to stimulate expression of LDL receptors (J. K. Boyles, unpublished observation).
The level of LDL receptors along Schwann cells remained reduced until the third week after injury. At this point the Schwann cells, having begun remyelination, had largely exhausted their cholesterol stores ( Fig. 10 A and Table I ). Receptor expression increased in Schwann cells (Fig. 14 A) (Fig. 14 B) detected in the normal nerve, and low levels of receptors characteristic of normal nerve were once again detectable in macrophages.
Discussion
The present study provides evidence for a lipid (specifically, cholesterol) transport mechanism involving apoE and its re- (Fig. 4) . ApoA-I, in contrast to apoE, enters the nerve along with other plasma constituents. Droplets of cholesteryl ester are stored by macrophages and Schwann cells during degeneration (Figs. 4 A, 5 A, and 7) (12, 13, 46) and are reused during regeneration (12) (13) (14) . As axons regenerate, their advancing tips express high levels of LDL receptors (Fig. 13 ).
In the portion of the nerve used in our study- (Fig. 14 A) . Macrophages and neurolemmal fibroblasts still contain cholesteryl ester stores, which in turn are depleted over the next several weeks as myelination continues (Table I) . During remyelination, apoE and plasma-derived apoA-I accumulate in great concentrations in the interstices of the nerve as components of cholesterol-rich lipoproteins (Figs. 8-12 ). This study demonstrates that cholesterol-loaded macrophages are the major producers of apoE in the injured nerve. This finding is consistent with the established role of the macrophage in the production of this protein. Both resident and monocyte-derived macrophages produce apoE in vitro, whereas fresh blood monocytes or monocytes during their first days in culture do not (47) (48) (49) (50) . The rate of apoE production is in part regulated by the cholesterol content of the cell (48); for example, apoE production rises in macrophages ingesting cholesterol-rich material and accumulating cholesterol (48) . It is plausible, therefore, that as macrophages in the injured nerve rapidly fill with cholesteryl esters, they would also produce more apoE. Similarly, as cholesteryl esters in these cells are depleted, a drop in apoE production is expected. This also appears to occur in vivo, as our morphology data and earlier biochemical studies indicate (1, 2, 5 Previous studies have shown that the cholesterol used for remyelination in regenerating nerves originates both from degenerated myelin and from plasma (12) (13) (14) . Our data provide evidence for a mechanism of cholesterol transfer and suggest that plasma HDL, particles rich in apoA-I, may provide the nerve with cholesterol from the plasma. 30-40% ofthe mass of rat HDL particles is cholesterol (51) . (In the rat, most of the i 3A plasma cholesterol is carried in the HDL fraction, whereas in 13A many other animals, including humans, most plasma cholesterol is transported by apoB-containing LDL. In these animals, therefore, it is possible that LDL may contribute cholesterol to regenerating nerves.) In addition, the apoA-I of the HDL, together with apoE, may provide a means of transporting cholesterol between cells within the nerve. The HDL particle has been shown to promote cholesterol efflux from cholesterolloaded cells in vitro (8, 9) . These HDL acquire apoE along with cholesterol and lose apoA-I (10, 11) . Such cholesterol-rich apoE-containing lipoproteins bind with high affinity to the LDL receptor (6, (39) . Cholesteryl esters are most abundant in the nerve during the second week after injury and decline in the fourth week (39) . Our data now show that these cholesteryl esters are depleted first in Schwann cells and then in macrophages and neurolemmal fibroblasts. Previous lipid analyses had shown that much of the free cholesterol originally in degenerating myelin is never stored as cholesteryl esters; high levels of free cholesterol persist in the injured nerve (39) . Our study demonstrates that myelin degradation is completed as new myelin forms. In addition, most of the lysosomes found in Schwann cells during the fourth week are in cells that are not in contact with an axon. These results suggest that the partially degraded myelin present in lysosomes may represent an additional cholesterol store within the regenerating nerve. Lipid degradation by macrophages in the nerve appears largely related to their clearance of lipoproteins and membrane debris from the extracellular matrix. Four weeks after injury, lipid-filled endosomes or lysosomes make up over 60% of the macrophage cellular volume (Table I) . This is 2 wk after almost all the original myelin has been degraded by Schwann cells (Table I ). This degradation oflipid by macrophages could explain the high free fatty acid level detectable in the nerve at this time (39) . The morphologic and immunocytochemical results also suggest that macrophages take up lipoproteins and other material from the extracellular matrix even earlier. This uptake of lipoproteins, together with the clearance of myelin and other membrane debris, may account for the cholesterol loading of macrophages early in regeneration.
In summary, our data suggest that the rise and fall in apoE production, the accumulation of apoE and apoA-I, and the expression of LDL receptors in the denervated sciatic nerve during regeneration and remyelination are associated with lipid transport, and particularly cholesterol transport. The induction ofapoE secretion is associated with myelin breakdown and cholesterol accumulation by macrophages. A decline in apoE secretion and the accumulation of apoE-and apoA-Icontaining cholesterol-rich lipoprotein particles within the regenerating nerve are concurrent with the depletion ofSchwann cell cholesterol stores during remyelination and the unloading of cholesterol stores from macrophages. Apolipoproteins E and A-I are known to participate in the redistribution of lipid from cholesterol-enriched to cholesterol-deficient cells (6) . It 
